Introduction
Quantitatively normal spermatogenesis requires the appropriate specification, proliferation and maturation of testicular somatic and germ cell lineages. Initiated early in embryogenesis, these processes continue during fetal and juvenile postnatal life to establish a functional adult testis. In the adult, cycling of the adult seminiferous epithelium by the periodic entry of spermatogonial stem cells into the differentiation pathway enables ongoing sperm production throughout life.
Testis development and the maintenance of adult spermatogenesis are tightly controlled by the endocrine system as well as by hormones and growth factors produced within the testis. Ligands of the transforming growth factor-beta (TGFβ) superfamily, which
Transforming growth factor-beta (TGFβ) superfamily ligands are produced by and act upon testicular cells to control testis morphogenesis and adult fertility. Ligand production changes during testis development and dysregulated signaling affects the number of cells comprising each lineage and their development, with several components of this diverse signaling pathway linked to male infertility. To test the hypothesis that TGFβ superfamily signaling regulators are differentially expressed during mouse testis development, we surveyed expression of Hgs, Zfyve9, Smurf1 and Net25 by northern blot and in situ hybridization and SMURF2 and MaN1 by western blot and immunohistochemistry. expression of these genes is highly regulated and differs between the first spermatogenic wave and adult spermatogenesis. Zfyve9 transcripts were first detected in Sertoli cells and spermatogonia at 5 days post partum (dpp) whereas Hgs mRNa was first detected in pachytene spermatocytes at 15 dpp. Smurf1 mRNa was broadly expressed at 0 and 5 dpp but restricted to spermatogonia and early spermatocytes at 15 dpp and spermatogonia, spermatocytes and round spermatids in adults. SMURF2 was limited to gonocyte nuclei at birth but was nuclear in all cells at 5 dpp. SMURF2 was absent from 15 dpp differentiating spermatogonia and early spermatocytes but readily detected in adult pachytene spermatocytes and round spermatids. MaN1 and Net25 also had different expression profiles, with MaN1 undetectable at 5 dpp. Differential synthesis of signaling modulators explains how Sertoli cells and spermatogenic cells, which all possess TGFβ superfamily signaling machinery and reside within the same microenvironment, respond differently to the same ligand.
TGFβ superfamily signaling regulators are differentially expressed in the developing and adult mouse testis 1-3, includes the prototypical TGFβs, activins, bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and glial cell line-derived neurotrophic factor (GDNF), are key regulators of testis development and spermatogenesis (reviewed in ref. 1) . Synthesis of these ligands within the testis changes during development [2] [3] [4] and their dysregulated production has significant effects on the number of cells comprising each lineage, the timing of developmental events and the capacity of cells to mature. For example, spermatogonial stem cells are depleted in mice with reduced GDNF production whereas spermatogonia overproliferate and fail to differentiate when GDNF is ovexpressed. 5 In mice lacking inhibin, and which therefore have excessive activin signaling, uncontrolled proliferation and failure of Sertoli cells to mature leads to the development of Sertoli cell tumours. 6 Mice transcriptional activity. 20, 21 Smurf1 and SMURF2 are members of the HECT family of E3 ubiquitin ligases which target phosphorylated R-SMADs 22 and activated receptor complexes for proteasomal degradation.
23 MAN1 (Lemd3), a component of the inner nuclear membrane, downregulates TGFβ and BMP-mediated SMAD signaling by sequestering R-SMADs away from chromatin and by abrogating MAPK activity. [24] [25] [26] NET25 (Lemd2), which is similar to MAN1 but lacks the SMAD-binding RRM domain, is a potent inhibitor of MAPK activity. 27 We demonstrate that the expression of Hgs, Zfyve9, Smurf1 and Net25 mRNAs and the production and localization of SMURF2 and MAN1 proteins are highly regulated in somatic cells and germ cells in the developing and adult mouse testis. Our findings suggest that the specific functions of each enables cell-specific fine-tuning of cellular responses to TGFβ superfamily ligands and suggest a possible mechanism by which cells within the same microenvironment respond differently to surrounding cues.
Results
hgs, Zfyve9, smurf1, smurF2, net25 and man1 are expressed in the immature and adult mouse testis. To identify whether regulators of TGFβ superfamily signaling have distinctive expression profiles during murine testis development, we initially surveyed existing GEO Profile datasets (www.ncbi. nlm.nih.gov/geo 28 ) corresponding to Affymetrix microarray analysis of testis RNA from mice spanning birth through adulthood. 29 The Hgs transcript level increased two-fold by 35 dpp relative to levels in 0-14 dpp testes and then reduced by half in the adult testis (day 56) (Fig. 1B) . No probe set existed for Zfyve9. Smurf1 and Smurf2 transcripts did not change remarkably during postnatal testis development (Fig. 1c ). An inverse relationship between Net25 and Man1 transcript profiles was apparent. Man1 transcripts peaked around 18 dpp but by maturity, levels had reduced to those measured in the newborn testis. Net25 levels peaked later, around 29 dpp (Fig. 1d) . These initial data indicated the potential for differential production of TGFβ superfamily regulators with related functions. We pursued these observations by investigating the presence of Hgs, Zfyve9, Smurf1 and Net25 mRNAs in testes of immature (5-15 dpp) and adult mice by northern blot and in situ hybridization and examined expression of SMURF2 and MAN1 proteins, for which specific antibodies were available, by western blot and immunohistochemistry.
Northern blot analysis (Fig. 2a) identified a single transcript for Hgs of approximately 4 kb in 10 dpp testis and two transcripts in adult testis, one of 4 kb and a second transcript of apparently lesser abundance at 4.5 kb. Two Zfyve9 transcripts of approximately 5 and 7 kb were detected, with the smaller species present at relatively greater levels in the immature (5 dpp) compared to the adult sample. One distinct 3.5 kb Net25 transcript was detected in both immature (15 dpp) and adult testis samples. Two Smurf1 transcripts were detected in immature (10 dpp) and adult mouse testis, one at 7 kb and a second, of lesser abundance, at 5.3 kb.
with reduced levels of bioactive activin have fewer Sertoli cells 7 and display features of delayed Sertoli cell maturation 8 whereas analysis of germ cell differentiation markers indicates the first wave of spermatogenesis is advanced. 9 Conversely, mice unable to produce activin A have fewer Sertoli cells but double the normal number of gonocytes at birth. 10 TGFβ superfamily responsiveness within the developing and adult testis must therefore be precisely regulated to ensure appropriate organ development and optimal fertility in adulthood.
TGFβ superfamily ligands initiate intracellular signaling pathways upon binding to cell surface receptor complexes. Ligandbound receptors recruit and phosphorylate receptor-activated SMAD (R-SMAD) proteins which complex with Co-SMAD4, accumulate in the nucleus and regulate target gene transcription. TGFβs, activins, GDF3 and GDF9 signals are transduced by SMAD2 and SMAD3 whereas BMPs, GDF6 and GDF7 signal via SMAD1, SMAD5 and SMAD8. 11 TGFβ superfamily ligands also activate non-canonical pathways, including the mitogen activated protein kinases (MAPKs), ERK1/2, p38 and JNK. 12 Distinctly different effects of TGFβ superfamily ligands on the proliferation and maturation of somatic and germ cells indicate that although they reside in the same microenvironment and possess appropriate receptors and intracellular signal transduction machinery, adjacent cells have different capacities to transduce these signals and their responses differ. In investigating this, our laboratory has uncovered remarkable regulation of TGFβ superfamily signal transducers and signaling modulators in the developing and adult testis. Inhibitory (I-) SMAD6, which downregulates TGFβ superfamily signaling, 13, 14 is readily detected in gonocytes of the neonatal mouse testis and in spermatogonia at 5 dpp yet undetectable in spermatogonia at 15 dpp. 15 Expression of I-SMAD7 is ubiquitous in the developing testis but in adulthood is restricted to spermatogonia, spermatocytes and round spermatids. 15 Similarly, ubiquitous expression of the BMPresponsive Smad1, Smad5 and Smad8 transcripts in the developing testis contrasts with restricted distribution of these transcripts in adult germ cells. 15 In addition, we have described the potential for cellular responses to activin and TGFβ to be modulated by the regulated production of SnoN, a transcriptional repressor which interacts with SMAD2 and SMAD3, 16, 17 and of the kinasedeficient pseudoreceptor BAMBI (BMP and Activin Membrane Bound Inhibitor), which blocks signal transduction. 18, 19 Based on these findings, we hypothesized that the expression of other TGFβ superfamily signaling regulators would also be highly modulated to effect cell-specific ligand responses. We selected six modulators, three functionally related pairs, for which pre-existing data indicated they are expressed in the developing mouse testis (Fig. 1 ). These were Hgs (hepatocyte growth factor-regulated tyrosine kinase substrate), Zfyve9 (murine homologue of human SARA [Smad Anchor for Receptor Activation]), Smurf1 (SMad Ubiquitination-Related Factor-1), SMURF2, Net25 (Nuclear Envelope Transmembrane protein 25) and MAN1. Hgs and Zfyve9 encode endosome-localized FYVE domain containing proteins that facilitate signal transduction by promoting SMAD2/SMAD3 association with receptor complexes to increase C-terminal SMAD phosphorylation and nor Zfyve9 mRNAs were detected ( Fig. 3a and B) . While absence of Hgs persisted at 5 dpp, Zfyve9 expression was readily detected in Sertoli cells, peritubular cells and spermatogonia at this age ( Fig. 3c and d) . By 15 dpp, a low level of signal indicated the presence of Hgs transcripts in spermatocytes (Fig. 3e) . Zfyve9 transcripts were present in peritubular myoid, interstitial and germ cells, with signal more intense in spermatogonia relative to spermatocytes, but apparently absent from Sertoli cells (Fig. 3F) . In the adult testis, Hgs mRNA was detected in spermatocytes, round spermatids and elongating spermatids ( Fig. 3G) whereas Zfyve9 was most apparent in spermatogonia, spermatocytes and round spermatids (Fig. 3h) .
At birth, Smurf1 mRNA was readily detected in all cells, whereas SMURF2 protein was restricted to gonocyte nuclei The antibody to MAN1 detected a protein at the expected size of 82 kDa 30 by western blot in lysates from 15 dpp and adult mouse testes, but not in testis lysates from 4 dpp mice (Fig.  2B) . A band of 86 kDa, the predicted size of SMURF2 (http:// www.genecards.org/cgi-bin/carddisp.pl?gene=SMURF2), was detected in testis lysates from 4 dpp and adult mice as well as lysates prepared from whole 12.5 dpc fetus which was used as a positive control for protein size (Fig. 2B) . The presence of additional bands at 44, 72 and 130 kDa in adult testis lysates, but which were not detected in fetal lysates, suggests the possibility that different SMURF2 isoforms exist in the testis.
each member of the three functional pairs of tGFβ superfamily signaling regulators are differentially expressed in developing and adult mouse testes. In the newborn testis, neither Hgs to its respective type I and type II receptors at the cell surface initiates phosphorylation of R-SMaDs (SMaD2 and SMaD3 in the case of activins and TGFβ and SMaD1, SMaD5 and SMaD8 in response to BMps). phosphorylated R-SMaDs complex with co-SMaD4, accumulate in the nucleus and, in association with other transcriptional co-regulators, drive or repress target gene expression. TGFβ superfamily members can also activate the mitogenactivated protein kinases eRK1/2, p38 and JNK. SMaD2/3-mediated signaling is enhanced by the endosomal proteins hGS (hepatocyte growth factorregulated tyrosine kinase substrate) and ZFYVe9 zinc finger FYVe domain containing 9 protein (the murine homologue of human SaRa). SMURF1 and SMURF2 are e3 ubiquitin ligases that cause proteosomal degradation of activated receptors (in conjunction with the inhibitory SMaD7) and of SMaD2 and SMaD3, thereby downregulating activin/TGFβ signaling. MaN1 and NeT25 localize to the inner nuclear membrane. MaN1 (Lemd3) antagonizes activin/TGFβ/BMp signaling by sequestering SMaD2/3 and SMaD1/5 away from chromatin binding. NeT25 (Lemd2) is a truncated form of MaN1 that is unable to bind SMaD proteins but which is a potent inhibitor of mitogen activated protein kinases (MapKs). production of one or more of these modulators has the potential to selectively influence the capacity of a cell to respond to one or more TGFβ superfamily ligands. (B-D) Differential expression of genes encoding related TGFβ superfamily signaling modulators during mouse testis development, as determined by affymetrix microarray. (B) Transcript levels of the endosome-localized hGS, (c) Smurf1 and Smurf2 and (D) Man1 and Net25 exhibit distinct profiles corresponding to progressive changes in the cellular populations throughout the first wave of spermatogenesis. Man1 transcript levels are highest between days 18 and 21, concordant with the prevalence of spermatocytes while Hgs and Net25 levels peak around day [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] cells, compared to late pachytene spermatocytes (Fig. 4e) . SMURF2 protein was prominent in Sertoli cell nuclei, the cytoplasm of some, but not all, interstitial cells and both nucleus and cytoplasm of pachytene spermatocytes, a pattern distinctly different to that of Smurf1 transcripts. No protein was detected in B-type spermatogonia, preleptotene-leptotene spermatocytes or peritubular myoid cells (Fig. 4F) . In the adult seminiferous epithelium, Smurf1 mRNA was present in Sertoli cells, spermatogonia and spermatocytes, with faint signal in round spermatids and no signal detected in and elongating spermatids (Fig. 4G) . SMURF2 protein was readily detected in the nucleus and cytoplasm of Sertoli cells, spermatogonia, late pachytene spermatocytes and round spermatids but was absent from early spermatocytes and elongating spermatids (Fig. 4h) .
At birth, both Net25 (Fig. 5a ) and MAN1 (Fig. 5B) were evident in all testicular cell types. Net25 mRNA continued to be detected in all cells of the 5 dpp testis (Fig. 5c ) whereas MAN1 protein appeared absent (Fig. 5d) , consistent with the inability to detect MAN1 protein in 4 dpp testis lysates by western Blot (Fig. 2B) . At 15 dpp, both Net25 (Fig. 5e) and MAN1 (Fig. 5F) were readily detected in all cells, with intense MAN1 signal in pachytene spermatocyte cytoplasm. In the adult testis, Net25 mRNA was readily detected in Sertoli cells, spermatogonia and spermatocytes with signal intensity reduced in round spermatids and faint to absent in elongating spermatids (Fig. 5G) . MAN1 protein was limited to the acrosomal region of round and elongating spermatids (Fig. 5h) . The inability to ( Fig. 4a and B) . In the 5 dpp testis, Smurf1 expression was limited to Sertoli cells and spermatogonia, contrasting with the detection of SMURF2 in the nuclei of all cells at this age ( Fig.  4c and d) . At 15 dpp, Smurf1 was detected in all cells, with signal relatively stronger in spermatogonia and early meiotic Furthermore, their distinctly different expression patterns in the first wave of spermatogenesis compared to the cycling adult seminiferous epithelium highlights the growing understanding that both germ cells and somatic cells respond differently to ligand stimulation in the juvenile versus mature testis. regulated production of signal-promoting and signalinhibiting factors may direct germ cell responses to activin and Bmps at the onset of spermatogenesis. In the neonatal testis, gonocyte re-entry into the cell cycle, migration to the basement membrane and transition into spermatogonia occur in the presence of high activin levels. 4 Activin increases gonocyte numbers and impairs their differentiation into spermatogonia 31 yet later promotes spermatogonial proliferation, 32 illustrating the necessity for tightly regulated germ cell responses to activin at the time when the spermatogonial stem cell population is being established and the first spermatogonia enter the differentiation pathway. Our finding of a shift from the expression of signal-inhibitory factors (SMURF2, MAN1) to expression of a signal-promoting factor (Zfyve9) as gonocytes differentiate into spermatogonia suggests that regulated expression of signaling modulators may influence the change in the germ cell response to activin during this time.
detect MAN1 in pachytene spermatocytes of the adult testis was in stark contrast to the intense cytoplasmic signal observed in pachytene spermatocytes at 15 dpp.
Discussion
Here we report that positive and negative modulators of TGFβ superfamily signaling display dynamic expression patterns and subcellular localization in the seminiferous epithelium of the developing and adult mouse testis. These data extend previous findings from our laboratory of highly regulated testicular expression of the inhibitory SMAD6 and SMAD7, 15 the transcriptional repressor SnoN 16 and the pseudoreceptor BAMBI 18 and are consistent with current knowledge of TGFβ superfamily regulation of testis development and adult fertility. The functional pairs of regulators studied here, Hgs and Zfyve9, Smurf1 and SMURF2 and Net25 and MAN1, are not co-regulated in somatic and germ cells of the developing or adult mouse testis. Based on the capacity of these related gene products to exert similar as well as unique effects on SMAD and MAPK activity, their regulated synthesis may enable discrete switches in cellular responses to TGFβ superfamily ligand stimulation. Hgs and Zfyve9 are differentially expressed in the developing postnatal and adult mouse testis. In situ hybridisation using DIG-labeled riboprobes localizes Hgs and Zfyve9 mRNas (purple staining) in mouse testis sections at the indicated ages, counterstained with harris haematoxylin (blue) to visualize chromatin. In all cases, no signal was detected when sections were incubated with sense probe (a'-h'). White arrowhead: gonocytes; black arrow head: spermatogonia; white arrow: spermatocytes; RS: round spermatids; eS: elongating spermatids; asterisk: Sertoli cell cytoplasm; black arrow: peritubular myoid cells; I: interstitium. Scale bars = 50 μm.
during testis development, may be accounted for by the differential effects of SARA (human homologue of murine ZFYVE9) and HGS on activation of SMAD2 and SMAD3. Both SARA and HGS interact with internalized activin and TGFβ receptors at the early endosome to maximize SMAD activation. 21, [39] [40] [41] Although SARA interacts efficiently with both SMAD2 and SMAD3, 39 SARA is necessary for maximal SMAD2 phosphorylation and transcriptional activity 42 but is dispensible for efficient SMAD3-mediated signaling. 43 HGS promotes activation of both SMAD2 and SMAD3, 20 and whereas SMAD2 activation is increased when HGS and SARA are co-expressed, 20 HGS can actually inhibit SMAD3-mediated signaling. 43 We have previously described that activin signals via SMAD3 but not SMAD2, in immature (6 dpp) Sertoli cells. 8 Our findings that Zfyve9 is absent from Sertoli cells at birth and that Hgs expression is not detected in immature Sertoli cells are consistent with conditions which selectively permit SMAD3-mediated but not SMAD2-mediated signaling and may represent the mechanism underlying preferential utilization of SMAD3 in response to activin.
partitioning the regulation of the canonical versus noncanonical signaling response. Dissimilar expression of MAN1 BMP ligands also have distinct effects on mouse germ cells and Sertoli cells at the onset of the first wave of spermatogenesis around 5 dpp. BMP2 and BMP7 enhance spermatogonial and Sertoli cell proliferation, respectively, 33 whereas BMP4 activates SMAD5, promoting spermatogonial proliferation and upregulating production of the survival and differentiation factor c-kit. 34 Importantly, as activin opposes BMP4 actions at this age by downregulating c-kit synthesis, 9 it is essential to differentially regulate spermatogonial responses to activin and BMP. As HGS interacts with SMAD5 to repress BMP-induced transcription in human chondrocytes 35 and MAN1 abrogates SMAD1-and SMAD5-mediated BMP signaling, 36 the absence of Hgs transcripts and MAN1 protein in 5 dpp spermatogonia may reflect a signaling status in germ cells that is permissive to BMP actions as they begin to differentiate. a smad3-selective response of developing sertoli cells to activin corresponds to regulated expression of Zfyve9 and hgs. High activin levels in the neonatal testis also correlate with the most active period of postnatal Sertoli cell proliferation. 37, 38 Our inability to detect Hgs and Zfyve9 in the newborn testis, and the substantially delayed onset of Hgs expression relative to Zfyve9 Figure 4 . Smurf1 and SMURF2 expression is dynamic in immature and adult mouse testes. Localization of Smurf1 mRNa by in situ hybridisation using a DIG-labeled riboprobe (purple staining) and immunohistochemistry localizing SMURF2 protein (brown staining) in mouse testis sections at the indicated ages. chromatin is visualized by counterstaining with harris haematoxylin (blue). In all cases, no signal was detected when sections were incubated with sense probe (a', c', e' and G') or in the absence of primary antibody (B', D', F' and h'). White arrowhead, gonocytes; black arrow head, spermatogonia; white arrow, spermatocytes; RS, round spermatids; eS, elongating spermatids; asterisk, Sertoli cell cytoplasm; red arrowhead, Sertoli cell nucleus; black arrow, peritubular myoid cells; I, interstitium. Scale bars = 50 μm. 45) which is essential for progression of germ cell differentiation through meiosis and spermiogenesis. Appropriate activin signals are also essential for normal Sertoli cell function. 6, 8 Differential Net25 and MAN1 production in developing and adult Sertoli cells may therefore selectively modulate SMAD and MAPK responses of Sertoli cells to TGFβ superfamily ligands.
In summary, we describe striking differences in the expression of the related Hgs and Zfyve9, Smurf1 and SMURF2 and Net25 and MAN1 in germ cells and somatic cells during the first wave of spermatogenesis and in the adult testis, consistent with existing knowledge of TGFβ superfamily regulation of testis development and adult spermatogenesis (Fig. 6) . Selective production of positive (HGS, ZFYVE9) and negative signaling (SMURF1, SMURF2, NET25, MAN1) regulators provide evidence of cell autonomous regulation of TGFβ superfamily signaling, contributing valuable knowledge to understanding how neighbouring cells, which each possess signaling machinery and are within the same microenvironment, respond differently to TGFβ superfamily signals.
and Net25 may reflect distinct mechanisms by which TGFβ superfamily signaling blockades are segregated into broad ablation of SMAD and MAPK activity by MAN1 compared to select downregulation of MAPK activity by NET25. This is particularly relevant to spermatogonial stem cells, which in addition to interpreting activin and BMP inputs must also respond appropriately to GDNF, which signals via the non-canonical MAPK pathway. Selective blockade of MAPK activity may be influenced by the presence of Net25 transcripts in the absence of MAN1 protein in germ cells at 5 dpp, representing a means to regulate the response of spermatogonial stem cells to diverse signaling inputs. Later, in meiotic germ cells, the prominent, unexpected localization of MAN1 in the cytoplasm of pachytene spermatocytes at 15 dpp is identical to the localization of SMAD3 in pachytene spermatocytes at this age, 44 suggesting the possibility that MAN1 may also function in the cytoplasm of these cells to regulate SMAD3 activity.
In Sertoli cells, TGFβ activates p38 MAPK to regulate cyclic formation and breakdown of the blood-testis barrier (reviewed in ref. Net25 and MaN1 are differentially expressed in the developing and adult mouse testis. Localization of Net25 mRNa by in situ hybridisation using a DIG-labelled riboprobe (purple staining) and immunohistochemistry localizing MaN1 protein (brown staining) in mouse testis sections at indicated ages. chromatin is visualized by counterstaining with harris haematoxylin (blue). In all cases, no signal was detected when sections were incubated with sense probe (a', c', e' and G') or in the absence of primary antibody (B', D', F' and h'). White arrowhead, gonocytes; black arrow head, spermatogonia; white arrow, spermatocytes; RS, round spermatids; eS, elongating spermatids; asterisk, Sertoli cell cytoplasm; red arrowhead, Sertoli cell nucleus; black arrow, peritubular myoid cells; I, interstitium. Scale bars = 50 μm.
with CO 2 followed by cervical dislocation before tissue removal. All investigations conformed to the NHMRC/CSIRO/AAC Code of Practice for the Care and Use of Animals for Experimental Purposes and were approved by the Monash University Standing Committee on Ethics in Animal Experimentation. Testes for RNA and protein extraction were snap frozen on dry ice and either processed immediately or stored at -80°C until required. Intact tissue samples for in situ hybridization and immunohistochemistry were placed in Bouin's fixative for 5 hrs immediately after collection then dehydrated through a graded ethanol series and embedded in paraffin. Sections of 3-5 μm were placed on Superfrost Plus II slides (Lomb Scientific #4758).
rna isolation, cdna synthesis, northern blot analysis and in situ hybridization. RNA was prepared from testis tissue using TRIzol reagent (Invitrogen #15596026) and contaminating genomic DNA was eliminating using DNAfree (Applied Biosystems, #AM1906) according to the manufacturer's guidelines. cDNA synthesis was performed by reverse transcribing 1 μg of total RNA using 100 U Superscript III reverse transcriptase (Invitrogen #18080093) with 2.5 μM random hexamer oligonucleotides (Roche, #58002113-1) according to manufacturer's guidelines. Primer sequences, accession numbers of genes from which primers were designed and region amplified are listed in table 1. Amplification parameters were 95°C for 4 mins, 40 cycles of 95°C (30 s), 60°C (60 s) and 72°C (30 s) using 1 μl cDNA.
Probes for northern blot and in situ hybridization were derived from RTPCR products which were cloned into pGEM T-Easy (Promega Corp., #A1360) following the manufacturer's instructions and sequenced for verification (Big Dye Terminator v3.1 Cycle Sequencing Kit, ABIPRISM 377 DNA Sequencer, Applied Biosystems) by the Gandel Charitable Trust Sequencing Centre, Monash Institute of Medical Research, Clayton, VIC, Australia. PCR amplification of these plasmids using M13 forward and reverse primers produced products that included T7 and SP6 RNA polymerase binding sites which were used as templates for in vitro transcription to yield sense and antisense cRNAs using digoxigenin-(DIG-) labeled dNTPs (Roche #1277073).
Northern blots were performed to assess the specificity of probe target recognition and to establish transcript sizes. Twenty to twentyfive μg of total RNA isolated from immature (5, 10 or 15 dpp) and adult mouse testes were separated on 1.1% agarose/formaldehyde gels and transferred to Hybond N membranes (Amersham Biosciences, #RPN303N). Membranes were prehybridized at 68°C with Ultrahyb (Ambion, AM8669) for 1-2 hrs then hybridized with Ultrahyb containing 25 ng/ml antisense probe at 68°C overnight. Membranes were then washed to a stringency of 0.1x standard saline citrate (SSC) and 0.1% sodium dodecyl sulfate (SDS) at 68°C. Bound DIG-labeled riboprobe was detected using an anti-DIG antibody (Roche, #11093274910). Chemiluminescent signal generated by CDPStar (Roche, #11685672001) substrate was detected by exposure of membranes to Kodak Hyperfilm (Amersham Biosciences, #28-9068-36). Northern blots were performed twice.
In situ hybridization was used to localize Hgs, Zfyve9, Smurf1 and Net25 transcripts in mouse testis sections. Hybridization was
Materials and Methods
Geo profiles. The expression graphs for Hgs, Smurf1, Smurf2, Net25 and Man1 were generated by downloading publically available data records from the NCBI website (www.ncbi.nlm. nih.gov/geo), generated as described in reference 28 and 29. Expression values for each gene in GEO Datasets GDS409, GDS605 and GDS606 were chosen from probe sets that yielded values above 50 and graphed using Microsoft Excel.
experimental animals and tissues. Newborn, 5 dpp, 15 dpp and adult outbred mice (C56Bl/6 x CBA) were obtained from Monash University Central Animal Services. Juvenile animals were killed by decapitation and adult animals were asphyxiated antibodies were detected using donkey-anti-rabbit AlexaFluor 680 (Invitrogen, #A10043) (SMURF2), donkey-anti-goat IR-800 (Rockland Immunochemicals #605-732-125) (MAN1) or rabbit-anti-mouse IR-800 (Rockland Immunochemicals, #310-432-002) (alpha-TUBULIN) at 1:10,000 dilution in blocking solution with 0.1% Tween and 0.01% SDS for 1 hr at room temp then washed 4 x 5 mins in TBS plus 0.1% Tween. Bound antibody was detected with the LICOR Odyssey System (John Morris Scientific). Western blots were performed once and negative control blots were performed for each experiment using adult mouse testis lysate in the absence of primary antibody to assess background signal.
Immunohistochemistry was performed to localize SMURF2 and MAN1 in Bouins fixed testis sections. Briefly, sections were dewaxed, rehydrated and treated with 0.3% hydrogen peroxide [5 min, room temperature (RT)] to quench endogenous peroxidases. To detect SMURF2 and MAN1, antigen retrieval was performed by heating in 50 mM glycine pH 3.5 and maintaining temperature at 90°C for 10 mins using 800 W microwave oven then left to cool for 20 minutes. Slides were washed 3 x 5 min at RT in tris-buffered saline (50 mM Tris, 150 mM NaCl, pH 7.5) (TBS) between all subsequent incubations. Blocking solution and antibody diluent consisted of 5% normal serum diluted in TBS/0.1% BSA (Sigma Aldrich, #A7906) and performed for at least 20 mins at RT in a humid chamber. Sections were incubated with primary antibody overnight at RT in a humid chamber. Anti-SMURF2 (Abcam, #ab38543) was used at 10 ng/ml and anti-MAN1 (Santa Cruz, #sc-19785) at 2 ng/ ml. Bound anti-SMURF2 was detected using biotinylated antirabbit antibody (Chemicon, #AP322B) and anti-MAN1 was detected with biotinylated anti-goat (DAKO, #E0466). Signal was amplified with Vectastain Elite ABC kit reagents according to the manufacturer's instructions (Vector Laboratories, #PK-6100) followed by detection with DAB (3,3-diaminobenzidine tetrahydrochloride, DAKO, #K3468) to produce a brown precipitate. Harris haemotoxylin was used as a counterstain to enable visualization of chromatin. Sections were dehydrated in an ethanol series and mounted under DPX (Sigma Aldrich, #44581). Immunohistochemistry was performed at least three times for each age using tissues from at least three different animals. For each antibody in each experiment, the negative control to detect non-specific binding of secondary and tertiary reagents consisted of identical treatments with the exception that the primary antibody was omitted and in all cases, no signal was observed. Images were captured using a Leica DMR microscope with a Leica DC200 digital camera. performed with 100-400 ng probe per slide at 50-60°C with stringency washes to 0.1x SSC at the hybridization temperature. Bound DIG-labeled riboprobe was detected using an anti-DIG antibody (Roche, #11093274910) and visualized by purple staining using 5-Bromo-4chloro-3-indoyl phosphate/nitroblue tetrazolium (BCIP/NBT) substrate (Thermo Scientific, #34042). Sections were counterstained with Harris haematoxylin to visualize chromatin and mounted in GVA aqueous mounting solution (Invitrogen #00-800). Both antisense and sense (negative control) probes were used at the same concentration on each sample, in every experiment, for each set of conditions tested. In situ hybridization was performed at least three times for each age using tissues from at least three different animals. Images were captured using a Leica DMR microscope with a Leica DC200 digital camera (Leica).
western blot and immunohistochemistry. Western blots were performed using lysates from 4 dpp, 15 dpp or adult mouse testes and from whole fetus at embryonic day 12.5. Samples were homogenized at 4°C in RIPA buffer (150 mM sodium chloride, 1% Nonidet P-40, 0.5% Tween-20, 0.1% SDS, 1 mM ethylenediaminetetraacetic acid) in the presence of protease inhibitors (Protease inhibitor cocktail set III, Sigma Aldrich, #P8340). Samples were incubated on ice for 10 mins then centrifuged at 13,000 rpm for 10 mins. Supernatant was recovered and lysate concentration was determined using the Bio-Rad DC protein assay (Bio-Rad, #500-0116). Thirty μg of protein per lane was separated by electrophoresis in a 10% SDS polyacrylamide gel against protein size standards (Fermentas, #SM0671). Lysates were diluted 1:1 in SDS reducing buffer (0.17 M Tris-HCl pH 6.8, 34% glycerol, 0.1% β-mercaptoethanol, 2% SDS, 0.01% bromophenol blue), incubated at 95°C for 10 mins then placed on ice before loading into gel. Samples underwent electrophoresis at 35 mA for 1.5 hrs in running buffer consisting of 3 g/l Tris base, 14.4 g/l glycine, 1 g/l SDS, pH 8.3. Following electrophoresis, proteins were transferred to Hybond C nitrocellulose membrane (Amersham Biosciences, #RPN203E) for 1.5 hrs in transfer buffer (3 g/l Tris base, 14.4 g/l glycine, 10% methanol) at 80 V. Membranes were air dried, prewet with TBS then blocked for 1 hr in 2:1 TBS:Odyssey blocking buffer (LICOR Biosciences #927-40000). Primary antibody incubation was carried out overnight at 4°C in blocking buffer plus 0.1% Tween. Anti-SMURF2 (Abcam #ab38543) was used at 250 ng/ml and anti-MAN1 (Santa Cruz #sc-19785) was used at 200 ng/ml. Anti-alpha-TUBULIN (Sigma Aldrich, #T5168) was used as a loading control at a dilution of 1:6,000. Unbound primary antibody was washed off by 4 x 5 minute washes in 1x TBS plus 0.1% Tween. Bound primary 
